Ruka KA, Miller AP, Blumenthal EM. Inhibition of diuretic stimulation of an insect secretory epithelium by a cGMP-dependent protein kinase. Am J Physiol Renal Physiol 304: F1210 -F1216, 2013. First published February 27, 2013 doi:10.1152/ajprenal.00231.2012.-The rate of urine secretion by insect Malpighian tubules (MTs) is regulated by multiple diuretic and antidiuretic hormones, often working either synergistically or antagonistically. In the Drosophila melanogaster MT, only diuretic factors have been reported. Two such agents are the biogenic amine tyramine (TA) and the peptide drosokinin (DK), both of which act on the stellate cells of the tubule to increase transepithelial chloride conductance. In the current study, TA and DK signaling was quantified by microelectrode recording of the transepithelial potential in isolated Drosophila MTs. Treatment of tubules with cGMP caused a significant reduction in the depolarizing responses to both TA and DK, while cAMP had no effect on these responses. To determine whether a specific cGMP-dependent protein kinase (PKG) was mediating this inhibition, PKG expression was knocked down by RNAi in either the principal cells or the stellate cells. Knockdown of Pkg21D in the stellate cells eliminated the modulation of TA and DK signaling. Knockdown of Pkg21D with a second RNAi construct also reduced the modulation of TA signaling. In contrast, knockdown of the expression of foraging or CG4839, which encodes a known and a putative PKG, respectively, had no effect. These data indicate that cGMP, acting through the Pkg21D gene product in the stellate cells, can inhibit signaling by the diuretic agents TA and DK. This represents a novel function for cGMP and PKG in the Drosophila MT and suggests the existence of an antidiuretic hormone in Drosophila.
peptides were isolated from the beetle Tenebrio molitor, stimulate an increase in cGMP levels in the MTs of both Tenebrio and the mosquito Aedes aegypti, and their antidiuretic actions are mimicked by treatment of MTs with cGMP (26, 27, 37, 64) . The third class contains the CAPA peptides, which cause antidiuresis in MTs from a number of heteropteran species and Aedes aegypti (12, 13, 31, 49, 55) ; they are most wellcharacterized in the blood-sucking insect Rhodnius prolixus (47) . Like other antidiuretic peptides, CAPA peptides cause an increase in cGMP levels and their actions are mimicked by cGMP (12, 13, 31, 49, 55) . However, the precise molecular events linking the peptides to a rise in cGMP levels are unclear; the Rhodnius CAPA receptor is a GPCR, as opposed to a receptor guanylate cyclase (50) , and CAPA only causes a rise in cGMP levels in tubules that have been stimulated previously with a diuretic (51) .
The molecular mechanisms of ion transport and its regulation are well-characterized in the Drosophila melanogaster MT (22, 25) . The main segment of the Drosophila MT, where urine secretion takes place, is composed of two cell types: the principal cells and the smaller, less abundant stellate cells (24, 60) . Transport of cations from the hemolymph to the lumen occurs through the principal cells, energized by a V-type proton ATPase in the apical membrane (19, 42) . Anions, primarily chloride, then flow passively into the lumen, driven by the lumen-positive transepithelial potential (TEP) (42) . The precise route of chloride transport across the epitheliumeither paracellular or transcellular through the stellate cellsremains unclear, but chloride transport is stimulated by increased intracellular calcium levels in the stellate cells. The diuretic peptide drosokinin (DK) or related kinins from other species increase urine production and chloride conductance by stimulating the release of calcium from intracellular stores in the stellate cells (42, 43, 54, 56, 58, 62) , and the biogenic amine tyramine (TA) has identical effects on chloride conductance and appears to act through the same signaling pathway (3, 4) . In addition to DK and TA, another diuretic agent identified in Drosophila is the CAPA peptide, which stimulates cation transport by the principal cells through a pathway that includes a rise in intracellular calcium, activation of nitric oxide synthase, and stimulation of a soluble guanylate cyclase (16, 17, 33, 58) . Finally, both the calcitonin-like peptide DH 31 and the corticotropin releasing factor-like peptide DH 44 stimulate principal cell cation transport through the production of cAMP (9, 14) . To date, there have been no reports of an antidiuretic agent in the Drosophila MT.
As mentioned above, cGMP production in the Drosophila MT is stimulated by CAPA and triggers an increase in urine production. This diuresis can also be triggered by treatment of MTs with cGMP itself (16, 23) , as the tubules are able to take up and transport cyclic nucleotides (28, 57) . Transport of cGMP by the Drosophila MT is mediated largely by the product of the white (w) gene; however, cGMP-dependent diuresis is still observed in MTs isolated from w mutant flies (28) , suggesting the existence of an additional transporter. The cGMP-mediated diuresis is accompanied by a hyperpolarization of the TEP and thus is thought to occur through stimulation of cation transport by the principal cells (42) . Consistent with this model, the effects of cGMP are additive to those of the kinins, which act on the stellate cells (16, 23) . Within the principal cells, cGMP has also recently been linked to the activation of innate immune responses by salt stress; in this case, the first messenger is the peptide NPLP1-VQQ acting through the receptor guanylate cyclase Gyc76C (46) . There is also some evidence for a role of cGMP within the stellate cells. Production of cGMP specifically in the stellate cells by ectopic expression of a mammalian receptor guanylate cyclase causes diuresis (34) .
A major effector of cGMP signaling is PKG (30) . The Drosophila genome encodes two characterized PKGs and one putative PKG (38) . The first, DG1, is encoded by the gene Pkg21D and is highly expressed in the MT, with an expression level at least 10-fold higher than that of any other tissue examined (11, 29) . Overexpression of DG1 in the principal cells results in an enhanced diuresis in response to exogenous cGMP (36) . The second PKG, DG2, is encoded by the foraging (for) gene and is also expressed in the MT (11) . Overexpression of DG2 in the principal cells causes a specific hypersensitivity to CAPA-induced diuresis (36) . In addition, the natural for R and for s polymorphisms result in differential sensitivity to CAPA-induced diuresis (35) , suggesting an endogenous role of DG2 in this signaling pathway in the principal cells. More broadly, DG2 has been linked to a number of physiological responses in Drosophila, including foraging behavior, olfactory learning, thermotolerance, and response to anoxia (10, 18, 20, 32, 39, 45) . The Drosophila genome contains a third gene, CG4839, which is predicted to encode a PKG and is expressed in the MT (11, 38) , but there have been no reports on its biochemical or physiological function.
In this paper, we present a novel role for cGMP in the Drosophila MT. We find that activation of DG1 in the stellate cells inhibits the activation of transepithelial chloride conductance mediated by the diuretic agents TA and DK. Signaling through DG1 thus would be predicted to mediate contextdependent antidiuresis and would represent the first example of antidiuretic signaling in Drosophila. Dow) . Except where noted, fly stocks were obtained from the Bloomington Drosophila Stock Center. Genes studied in this work include Pkg21D (FBgn0000442), foraging (FBgn0000721), and CG4839 (FBgn0032187).
METHODS

Fly
To minimize the effect of genetic background on TA sensitivity, the for-RNAi and Pkg21D-RNAi2 lines were cantonized by backcrossing for at least six generations against a cantonized w* stock; the resulting stocks were balanced with CyO. For these balanced stocks, only straight-winged progeny of crosses with Gal4 lines was used for physiological assays. The c42-gal4 and c710-gal4 stocks had previously been cantonized (6) . To increase the efficiency of RNAi, a UAS-Dcr-2 transgene was recombined onto the c42-gal4 and c710-gal4 chromosomes by conventional genetic crosses. In each case, recombinants were identified by eye color for the presence of the gal4 driver and by PCR for the presence of the UAS-Dcr-2 transgene (as indicated by a 638-bp amplimer), using the primers L: GGA CAC GGT AAT GAT GTT TC and R: GAA GAG AAC TCT GAA TAG GG. All RNAi experiments in this study were performed using the resulting recombinant stocks.
Electrophysiology. MTs were dissected from 6-to 8-day-old adult Drosophila females and placed in dishes in which 100 l of 31 g/ml poly-L-lysine were allowed to dry and that were rinsed with deionized water briefly before dissection, and the TEP was recorded with a conventional microelectrode as described (6) . Data acquisition and analysis were performed with pClamp 9 software (Molecular Devices, Sunnyvale, CA). The dissecting and recording saline consisted of the following (in mM): 85 NaCl, 20 KCl, 3 CaCl 2, 12 MgCl2, 7.5 NaHCO3, 10 HEPES, 15 glucose, pH 6.8 (260 -265 mosmol/kgH2O). For recordings in standard bathing medium (SBM), MTs were dissected in saline and after the tubule was placed in the recording dish, the saline was replaced with SBM consisting of a 1:1 mixture of Schneider's Drosophila Medium (Life Technologies, Grand Island, NY) and a "diluting saline" containing (in mM) 36 NaCl, 21 KCl, 15 MgCl 2, 5 CaCl2, 4.8 NaHCO3, 2 NaH2PO4, 11. Response index values for TA and DK responses were calculated as previously described (6) for the 20-s period beginning 5 s after the start of agonist application. For two responses to 1 mM TA and four responses to 100 pM DK, the response index was calculated to be slightly above 1; in these cases, the value was set to 1.0 for the data analysis.
Statistics. For statistical analysis, response index values were transformed by taking the arcsine of the square root of each value. Negative values were transformed by taking the negative arcsine of the square root of the absolute value of the response index. Statistical tests were performed with Graphpad Prism v5.02 for Windows (GraphPad Software, San Diego, CA, www.graphpad.com). Datasets were tested for normality using a D'Agostino-Pearson normality test (this test is only valid for n Ն 8). Two datasets failed this test (c710-gal4 ϫ for-RNAi first response, see Fig. 4C and w; UAS-Dcr-2 c710-gal4 ϫ w; Pkg21D-RNAi1 second response, see Fig. 6 ) and were analyzed using a nonparametric Wilcoxon signed rank test instead of a paired t-test.
RESULTS
Conventional microelectrode recording of isolated MTs bathed in SBM, which contains tissue culture medium, revealed oscillations in the TEP. We previously reported that these oscillations are due to TA signaling, as the MT is able to convert tyrosine in the SBM to TA (4). The addition of 1 mM cGMP to the peritubular bath caused two changes to the TEP: an increase in TEP amplitude and a decrease in the magnitude of the oscillations, as quantified by the TEP coefficient of variation (CoV; Fig. 1 ). Both of these effects were observed within 2 min of the addition of cGMP. While the first response has been demonstrated to result from the stimulation of active cation transport through the principal cells (42) , the second effect, on oscillations, has not previously been reported. The suppression of the TEP oscillations required a high concentration of cGMP, as treatment of tubules with 100 M cGMP still increased the TEP amplitude but had no effect on the CoV (Fig. 1, B and C) .
To determine more directly whether cGMP inhibited the MT response to TA, tubules were bathed in saline and treated with two 20-s applications of TA separated by 4 -6 min of either saline or 1 mM cGMP (see METHODS). As shown in Fig. 2 , the cGMP treatment almost completely eliminated the second response to 10 nM TA, which would otherwise have been identical to the first response (P ϭ 0.63, paired t-test comparison of first and second responses in saline-treated tubules, n ϭ 8). The responses to 100 nM and 1 M TA were also inhibited by cGMP, although to a lesser degree. With these higher concentrations of TA, as with the lower concentration, treatment of tubules with saline in the absence of cGMP resulted in a second TA response that was identical to the first (100 nM, P ϭ 0.22, n ϭ 7; 1 M, P ϭ 0.34, n ϭ 4, paired t-tests). At all three concentrations of TA tested, there was no difference in the amplitude of the initial response between cGMP-treated and saline-treated MTs (unpaired t-test, P ϭ 0.10, 0.41, 0.48 for 10 nM, 100 nM, 1 M TA, respectively). The modulation of TA sensitivity was specific to cGMP, as treatment of tubules with 1 mM cAMP had no effect on the response to 10 nM TA (Fig. 2D) .
Since TA and the peptide hormone DK share a common signaling pathway, we tested whether DK responses were also inhibited by cGMP. As shown in Fig. 3 , sensitivity to 100 pM DK was significantly suppressed following treatment with 1 mM cGMP. As with the TA responses, treatment of tubules with saline between the two applications resulted in an unchanged DK response (P ϭ 0.19 by paired t-test, n ϭ 8), and the initial responses of the two groups were identical (P ϭ 0.
74, unpaired t-test).
The action of cGMP is often mediated by the activation of a cGMP-dependent protein kinase (PKG), and so we sought to test the involvement of PKGs in the modulation of the TA response. We obtained fly stocks carrying inducible UASRNAi transgenes against the three Drosophila PKG genes; two stocks were directed against Pkg21D (Pkg21D-RNAi1, Pkg21D-RNAi2) and one stock each was directed against the other two genes (for-RNAi, CG4839-RNAi). None of these transgenes is predicted to induce any off-target effects on the expression of other genes (21, 40, 41) . These UAS-RNAi stocks were crossed with three different Gal4 driver lines to induce RNAi ubiquitously (Act5C-gal4), in the principal cells of the MT (c42-gal4), and in the stellate cells of the MT (c710-gal4). In each case, a UAS-Dcr-2 transgene was included in the background to increase the RNAi efficiency. Ubiquitous expression of each of the four UAS-RNAi transgenes with Act5C-gal4 was lethal, indicating that each of the PKG genes is required for viability. Targeted knockdown of the genes with c42-gal4 or c710-gal4 resulted in viable, apparently healthy flies, with one exception. Adult progeny from crossing Pkg21D-RNAi1 with c42-gal4 were rarely obtained, and those few viable adults appeared unhealthy and never survived long enough to be used in electrophysiological experiments. In contrast, crossing Pkg21D-RNAi2 with c42-gal4 did yield viable progeny. This difference is consistent with our phenotypic data described below and suggests that we were able to drive more complete knockdown of Pkg21D expression with Pkg21D-RNAi1 compared with Pkg21D-RNAi2. However, this interpretation could not be tested directly by quantitative PCR due to the expression of Pkg21D in multiple cell types within the MT.
As shown in Fig. 4 , knockdown of Pkg21D expression in the stellate cells by crossing c710-gal4 with Pkg21D-RNAi1 completely eliminated the modulation of TA sensitivity by cGMP. In tubules challenged with either 50 nM (data not shown) or 100 nM TA, the response to a second application of TA following a 4-min incubation with 1 mM cGMP was identical to the first response. Inhibition of the TA response by cGMP was still observed after knockdown of Pkg21D by Pkg21D- RNAi2 in either the principal or the stellate cells (Fig. 4C) . However, the degree of inhibition was significantly reduced after stellate cell knockdown with Pkg21D-RNAi2, compared with principal cell knockdown, indicating a partial elimination of the cGMP-dependent modulation (Fig. 4D) . In contrast, knockdown of either for or CG4839 in either cell type did not eliminate the cGMP-dependent modulation, and we did not observe any difference in the degree of modulation between stellate cell and principal cell knockdown for either of these PKG genes (Fig. 4, B, C, D) .
The modulation of the DK response showed the same dependence on Pkg21D expression as that of the TA response. As shown in Fig. 5 , knockdown of Pkg21D in the stellate cells with Pkg21D-RNAi1 eliminated the cGMP-dependent inhibition of the response to 100 pM DK. Modulation of the DK response was still present after knockdown of either for or CG4839 in either cell type.
We previously reported that increasing the osmolality of the peritubular bath causes an inhibition of the MT TA and DK responses very similar to that seen with cGMP treatment (5). To examine a possible relationship between these two modulatory responses, we examined the response to hyperosmotic saline in tubules isolated from progeny of a cross between c710-gal4 and Pkg21D-RNAi1. As described above, such tubules fail to show a cGMP-dependent modulation of the TA response. In eight tubules challenged with 100 nM TA, a 4-min increase in the peritubular osmolality from 260 to 304 mosmol/kgH 2 O caused a significant reduction in the TA response (Fig. 6 ). All eight tubules showed a decreased response following the increase in osmolality.
DISCUSSION
In this study, we report a new role for cGMP in the Drosophila MT, that of inhibiting the ability of the diuretics TA and DK to increase transpithelial chloride conductance. This modulation requires the expression of DG1 in the stellate cells; thus, we conclude that the exogenously applied cGMP is entering the stellate cells and activating DG1. The stellate cell-specific requirement for DG1 expression is consistent with our knowledge of TA and kinin signaling; both agents bind to receptors that are expressed in the stellate cells (56) (Zhang and Blumenthal, manuscript in preparation), and kinins cause a specific elevation of intracellular calcium levels in the stellate cells (43) . The point in the diuretic signaling pathway that is affected by DG1 is still unknown, but it is likely to be downstream of the receptor as TA and kinins bind to separate receptors but are both similarly inhibited by cGMP (56) (Zhang and Blumenthal, manuscript in preparation).
The modulation observed in the current work appears similar to that we previously reported in response to an increase in peritubular osmolality (5) . However, these two phenomena are independent, as osmotic inhibition of the TA response is still observed following knockdown of Pkg21D expression that eliminates the cGMP-dependent modulation. Thus, there appear to be multiple inhibitory pathways that impinge on TA and kinin signaling. The dual levels of control exerted on TA-and kinin-mediated diuresis could be due to the potency of these agents, which not only can elevate the rate of urine secretion by several-fold but also can depolarize the TEP, affecting all electrogenic transport processes ongoing in the MT.
Our observation of cGMP-dependent modulation of diuretic signaling in the stellate cells (c710-gal4) suggests the existence of a hormone that activates this modulatory pathway, possibly by binding to a receptor guanylate cyclase on the stellate cells. Consistent with this possibility, it is reported that stellate cells in the trichopteran insect Rhyacophila dorsalis acutidens, which has MTs that are morphologically similar to those of Drosophila, contain high levels of particulate guanylate cyclase activity (59) . The hypothesized extracellular factor would act as a context-specific antidiuretic hormone, only reducing urine secretion in tubules that were stimulated by TA or kinin. Diuresis by agents that act on the principal cells, such as CAPA, DH 31 , or DH 44 , would not be affected by this hormone. Such antagonistic relationships among hormones are a common theme in insect excretory control (44); a similar situation occurs in Rhodnius, where CAPA specifically antagonizes the diuresis caused by serotonin and not that caused by a corticotropin releasing factor-related peptide (48) . Although the physiological roles of TA-and DK-mediated diuresis in the intact fly are not yet known, DK signaling has recently been shown to be required for normal fluid balance (15) .
We showed that cGMP inhibits the depolarization induced by TA and kinin and conclude that this inhibition will have an antidiuretic effect, but we have not directly demonstrated an antidiuresis caused by treating tubules with cGMP. Such an experiment is complicated by the fact that in Drosophila and other dipterans, cGMP also causes a diuresis by acting on the principal cells (16, 23, 53) . The stimulatory effects of cGMP are seen at much lower concentrations, as we show in Fig. 1 . Indeed, previous studies showed that kinin-mediated diuresis and depolarization still occur in cGMP-treated tubules (16, 23, 42) . Such results are not inconsistent with our data, as at the high doses of kinin used in the prior work, we find that cGMP inhibits but does not abolish the depolarizing effects of TA. A direct demonstration of an antidiuretic action of cGMP in the stellate cells will only be feasible when it becomes possible to increase cGMP levels specifically in the stellate cells and thus must await the identification of the peptide or other agent linked to stellate cell cGMP production.
As mentioned in the introduction, Dow and co-workers (34) previously reported a diuretic effect of cGMP in the stellate cells. In that study, the rat atrial natriuretic peptide (ANP) receptor guanylate cyclase was expressed in the stellate cells; treatment of such tubules with ANP triggered a diuresis. We offer two possible explanations to explain this apparent conflict between this result and our data. First, there could be compartmentalization of cGMP within the stellate cells, as has been hypothesized in the principal cells (8) and demonstrated in mammalian cells (52, 61) , such that elevation in one compartment causes diuresis and in the other antidiuresis. Another possibility is that the diuresis seen by Dow and colleagues resulted from the stimulation of an electroneutral transport pathway, an effect that we would not have detected in our TEP recordings. The possibility of two opposing roles of cGMP in the stellate cells, in addition to the many functions of this second messenger in the principal cells, indicates the astonishing regulatory complexity of the insect MT.
